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Abstract

Aim: To establish an image analysis procedure for measuring the bone-to-implant contact (BIC) by

a systematic non-subjective approach based on backscattered scanning electron microscopy

(BS-SEM) images.

Material and methods: A total of 36 dental implants (9 mm length, Ø 4.0 mm with a SBM surface)

were implanted in six beagle dog mandibles. The implants were removed after 1, 2, 4, 6, and

8 weeks and then embedded in resin and cut along their long axis. Sample observation was

performed by BS-SEM, acquiring 10 to 16 images per sample. Image processing and BIC

determination were performed using the Fiji image processing package. Images were stitched,

filtered, and thresholded to obtain a binary image of the whole implant that finally was dilated

and outlined. The length of this outline was measured as the maximum possible BIC. The regions

of coincidence between this line and the bone were measured as the real BIC.

Results: The proposed methodology for BIC determination, based on SEM, which has a much

higher resolution than optical microscopy, allows the acquisition of highly discriminative images

with great contrast between implant and bone. The high resolution and high contrast in SEM

images provide more accurate results than those obtained by classical methods. Furthermore, the

methodology of image analysis described in this study delineates precisely and automatically the

contour of the implant, which results in non-biased measurements. The average percentage of BIC

was 35%, ranging from 24.7 to 45.5%. These values were similar to the results documented in the

literature for implants of similar roughness in animal models.

Conclusions: A novel, non-subjective, and systematic method for measuring BIC is described based

on BS-SEM images. The proposed methodology minimizes the shortcomings of the results obtained

by previously described methods.

The evaluation methods of osseointegration

could be categorized as invasive or non-inva-

sive, by evaluating the implant in situ (in

vivo) or ex situ (ex vivo) from the patient or

experimental animals, respectively. The eval-

uation of in vivo functional implants is

limited to different X-ray and resonance

frequency methods. The most common

methods for evaluation of retrieved implants

(ex vivo) and surrounding tissue include the

following: biomechanical tests, such as push

or pull out or torque tests, and light micros-

copy, confocal laser scanning microscopy

(CLSM), and scanning electron microscopy

(SEM) observation of blocks, including the

implant and surrounding tissues.

The histological assessment of bone adja-

cent to dental implants is mostly performed

using variations of the sawing and grinding

technique described by Donath & Breuner

(1982) and the evaluation of stained thin

sections by light microscopy. This is the

standard methodology widely used for the

determination of the histomorphometric

parameter BIC% (percentage of bone-

to-implant contact), which is defined as the

percentage of implant length at which there

is direct bone contact, without intervening

fibrous tissue.

The drawbacks of the classical procedure,

based on light microscopy, include need for

staining, low resolution, time-consuming
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laboratory procedures, and the risk of bias in

the microscopic evaluation. BIC determina-

tion by this methodology is performed in

most cases, by drawing the line manually

where the measurement is to be performed.

In others studies, however, some digital

image processing and analysis are carried out,

but a well-defined workflow of image analy-

sis is still lacking, and too much subjectivity

could influence the final results. It would be

desirable to have a simpler, highly discrimi-

native, and less resource- and time-consum-

ing method for BIC determination.

Subsequently, research efforts are needed in

this area to find alternative methods for per-

forming this histomorphometric analysis.

Some studies have used CLSM to visualize

high-contrast images of bone tissues without

the need for sample processing and staining

that are required in conventional light

microscopy (Gr€otz et al. 1999; Al-Nawas &

G€otz 2003a; Orsini et al. 2007). CLSM has

also been used to analyze the BIC in several

studies (Al-Nawas et al. 2003b, 2008), acquir-

ing the reflected light coming from the

implant and from the tissue. In this method,

the difference in intensities between both

reflecting surfaces was used to distinguish

them and later to measure the BIC.

On the other hand, the analysis could be

performed in SEM mode with secondary and

backscattering electrons. Several studies have

been carried out using this technique for sur-

face implant texturization (Marin et al. 2008;

Ballo et al. 2009; Kelly et al. 2009; Jeong et al.

2010; Fontana et al. 2011; Johansson et al.

2012; Coelho et al. 2012). Recently, elemental

analysis with SEM has been used to evaluate

neoformed bone composition with different

implant systems (Ballo et al. 2009; Calvo-

Guirado et al. 2012). Nevertheless, to our

knowledge, the determination of BIC based on

SEM methodology has been scarcely reported

so far (Chang et al. 2009; Lee et al. 2009; Vidi-

gal et al. 2009; Calvo-Guirado et al. 2012).

In the present study, histomorphometric

analysis by a new standardized and high

discriminative method to quantify BIC based

on scanning electron microscopy with

backscattered electrons (BS-SEM) imaging is

described. The measurements were performed

along the total length of the implants, buccal

and lingual.

Material and Methods

Animals and surgical procedure

According to the ARRIVE guidelines

for reporting the animal experimentation

(Kilkenny et al. 2010; Berglundh & Stavropo-

ulos 2012), the animal study was approved by

the Animal Experimentation Ethics Commit-

tee (AEEC) of the University of Barcelona

(UB, Spain). To perform this observational

study to describe a new BIC measurement

technique, special attention has been paid to

both, the reduction in the number of animals

and to the reduction in the minimum of their

suffering, according to the so-called “3Rs”

(Replacement, Refinement, and Reduction of

animals in research) as defined by Kilkenny

et al. (2010). In this sense, six adult beagle

dogs, weighing an average of 11.5 kg, were

selected and installed in the animal experi-

mentation service facility of Bellvitge’s

Health Science Campus of the UB, under vet-

erinary control. All experiments were per-

formed according to the Spanish Government

guide (Royal Decree 1201/2005 of October

10th, Spanish Official Gazette 252, October

21st, 2005) and the European guide (European

Union Council Directive of November 24th,

1986, 86/609/EEC) for animal use and care.

Through the experimental study, all animals

were fed with a soft diet, and mechanical

cleaning of teeth and implants was performed

daily.

All mandibular premolars were extracted

bilaterally. After a healing period of

3 months, three implants (9 mm length, Ø

4.0 mm; Biohorizons! Implant Systems INC.

Birmingham, AL, USA) with a SBM (sand-

blasting with soluble particles) surface were

placed in each hemi-mandibular premolar

region, according to the protocol suggested by

the manufacturer (Biohorizons). The implants

were placed at 7 mm distance from each

other. A total of 36 implants were placed. All

surgical procedures were performed by the

same operator (C.M.). The surgical approach

occurred under general anesthesia and was

supervised by a veterinary surgeon. Once

anaesthetized, buccal and lingual full-thick-

ness flap were reflected, and implant place-

ment procedure was carried out according to

the manufacturer’s instructions. Flaps were

sutured using silk 4.0 interrupted sutures and

removed after 10 days. After surgery, an

intramuscular injection (prophylactically) of

Terramycin 100! (25 mg/kg; Pfizer Laborato-

ries, Alcobendas, Spain) was provided. The

postoperative analgesia was carried out by the

administration of meloxicam (5 mg/ml; 5 mg/

20 Kg /24 h; Metamecam! injectable solution,

Boehringer Ingelhein, Rhein, Germany).

Finally, dogs were sacrificed at time points: 0,

1, 2, 4, 6, and 8 weeks after implant installa-

tion, by means of an overdose of sodium pen-

tothal. The mandibles were dissected, and

each implant site was removed using a dia-

mond saw, so samples could be obtained and

prepared for histological analysis.

Specimen preparation and histomorphometric
evaluation

The biopsies were processed for ground sec-

tioning (Donath & Breuner 1982; Donath

1985). The implant–bone specimens were

fixed in 10% formaldehyde for 1 week and

dehydrated in ascending series of alcohol

rinses before being embedded without decalci-

fication in light-curing epoxy resin (Techno-

vit!; Exakt-Kultzer, Wahrheim, Germany).

Blocks were sectioned buccolingualy with a

diamond-edge band saw blade (Exakt micro-

parallel-grinding System!; Exakt, Norden-

stedt, Germany) and then ground and polished

with 1200 and 4000 grain sandpaper to obtain

a polished surface. The blocks were coated

with evaporated carbon and fixed with colloi-

dal silver; four silver tracks were directed to

the region of interest to improve the conduc-

tivity of the specimen (Franch et al. 2000).

Image acquisition

Prior to the carbon coating, samples were

observed under a Leica MZFLIII stereoscope

to ensure the quality of the sectioned blocks.

Images were acquired with a Cannon Power-

Shot A610 coupled to the stereoscope

(Fig. 1a). After the carbon coating, the sam-

ples were analyzed using BS-SEM (S-360,

Leica, Cambridge, UK), in the Scientific and

Technological Centers of the University of

Barcelona. All samples were observed in

equal conditions (20 mm WD, 509 magnifi-

cations, 1 nA and 20 kV), and consecutive

pictures (10 to 16 images per sectioned block)

with at least 15% of overlap were obtained

along the contour of the implant.

Image processing and BIC determination

Image processing and analysis were per-

formed using the Fiji image processing pack-

age (http://pacific.mpi-cbg.de/). Images were

stitched together with the Fiji stitching plu-

gin (S. Preibisch et al. 2009) to have a compo-

sition of the whole section (Fig. 1b). This

plugin allowed automatic stitching of all

images in a directory, but it also allowed a

2D manual stitching approach when the

former did not work properly.

The first step in the image analysis was to

segment the implant. To do so, the stitched

image was first filtered with a median filter

of radius 2 and then thresholded for the max-

imum gray levels (200–255). This resulted in

the binary image of the implant (Fig. 1c). A

second step was to force a region of over-

lap between the implant and the bone. By
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dilating the binary image six times, six pixels

were added to the edges of the implant,

enlarging it up to 15 lm on each side. This

distance was adjusted to overcome the mini-

mal separation observed between bone and

implant (Fig. 1e′), probably due to the strain

applied to the polymers embedding the block

by the BS-SEM vacuum chamber. Larger dis-

tances were considered as absence of BIC

(Fig. 1e″). The enlarged implant was finally

outlined to generate a one-pixel-wide line

(Fig. 1d) around it that was used to intersect

the bone in the original image. The overlap

between bone and outline was obtained

(Fig. 1e) using the Boolean operation Min of

the image calculator function of Fiji. This

operation gave an image of a one-pixel-wide

line where the outline of the implant inter-

sected the bone and where the gray level was

the minimum intensity between both. There-

fore, the gray levels of the overlapping line

were those from the bone, allowing further

analysis in case differences in calcium con-

centration were to be investigated.

Finally, the percentage of BIC (buccolin-

gual) was calculated. The length of the out-

line of the enlarged implant was considered

the maximum possible BIC (100%), and the

length of the overlapping line was considered

the real BIC. Both measurements were per-

formed after subtraction of the external rim

line (Fig. 1d) where BIC is not possible. The

percentage of BIC was calculated by dividing

the real BIC by the maximum possible BIC

and multiplying by 100.

Results and discussion

Backscattered electron (BS-SEM) imaging is a

useful technique to assess differences in den-

sity for surface areas of calcified tissues,

resulting in images with different gray levels

(Franch et al. 2000; Roschger et al. 2003).

The higher the density for a specific atomic

structure of the mineral phase, the more

electrons backscattered from the surface

region and the brighter the resulting image

(Goldstein et al. 2005). Thus, calcified tissues

show a gray level in the images depending on

their calcium concentration, whereas the

embedding material and the non-calcified tis-

sues appear black (Fig. 1b and Fig. 3). The

metallic implant, on the other hand, appears

almost saturated at the maximum of the gray

scale because of the high density of its

titanium alloy.

The main limitation for conventional

microscopy is the weaker contrast between

the bone and the implant, unless some heavy

staining is performed. CLSM, on the other

hand, offers the possibility of acquiring

images of the surface by detecting its reflec-

tion and thus without staining. In this case,

a very good contrast between bone and

implant is observed due to the high reflection

of the implant. Some reflection from the soft

tissues and the resin could interfere, how-

ever, giving rise to false positives (data not

shown).

The method described in this study is

based on the high contrast between bone and

implant in BS-SEM images. This method

offers several important advantages over the

classical techniques based on the sawing–

grinding processes (Donath & Breuner 1982)

and the evaluation of stained thin sections

by light microscopy (Abrahamsson et al.

2009; Calvo-Guirado et al. 2011; Santis et al.

2011). First, it avoids the risk of bias as there

is no need for staining and the process of

image analysis is standardized. Second, BIC

measurements are more precise as BS-SEM

images have a much higher resolution and a

much higher contrast between implant and

bone than conventional optical microscopy

images. Third, this method allowed the anal-

ysis of the whole implant instead of individ-

ual areas, thus giving a more complete BIC

measurement. However, if the interest is

measuring BIC in a specific area, the pro-

posed image analysis method is absolutely

adaptable, precise, and robust. Fourth, the

BS-SEM microscope can differentiate calcified

tissues depending on their calcium concen-

tration. The line where the real BIC was

measured could be analyzed differentially

based on its intensity levels, depending on

the calcium concentration detected in the

image. In addition, the morphological charac-

teristics of the calcified tissues, such as the

size and shape of the cell’s lacunae, and

the cementing lines could also be assessed

and submitted to quantitative analysis

(L!opez-L!opez et al. 2009). Fifth, BS-SEM

imaging is non-destructive and therefore

allows a posterior histological observation of

the samples. Moreover, in comparison with

(a) (b) (c)

(d) (e) (e′)

(e′′)

Fig. 1. Bone-to-implant contact (BIC) determination based on backscattered scanning electron microscopy (BS-SEM)

images. (a) Stereoscopic image of one sample. (b) Stitched image of 14 BS-SEM images. Observe the difference in

intensity between the implant (white) and tissue (gray). (c) Binary image of the segmented implant. (d) Outline of

the implant after dilating. The external rim line is removed (black arrowhead). (e) Intersection line between (d) and

(b). (e′ and e″) Insets of green (e′) and red (e″) areas in (b). Implant is colored in cyan. Green and red arrowheads in

(e–e″) point out a region with and without BIC, respectively. Scale bar: 1 mm.
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the classical methods, the time to process

and analyze the samples is reduced. Finally,

the method used to measure BIC described in

this work could also be applied to images

coming from conventional optical micros-

copy and CLSM.

The results obtained with this methodol-

ogy of image acquisition, processing, and

analysis showed an evolution along time very

similar to that obtained by other authors in

comparable studies (Klongnoi et al. 2006;

Tavares et al. 2007; Abrahamsson et al. 2009;

Ballo et al. 2009; Calvo-Guirado et al. 2011;

Santis et al. 2011). The mean of the percent-

ages of BIC measurements for each time

point are depicted in Table 1 and Fig. 2. In

the first periods, from time 0 to week 2, the

percentage of BIC was <30%. Images corre-

sponding to those values and timing showed

that the calcified tissues around the implant

were immature and surrounded by vascular

spaces (Fig. 3a–c). From the 4th week, the

percentage of BIC clearly increased up to the

last time point of the experiment (8 weeks).

Images at the 4th week showed a higher level

of contact between the implant and a denser

osseous structure with fewer and smaller vas-

cular spaces and more mature bone tissue

(Fig. 3d). At weeks 6 and 8, the increase in

the percentage of BIC was in parallel with

the increase in maturity of the osseous tissue

that gradually surrounded the implant

surface (Fig. 3e,f).

Conclusions

A novel method for measuring BIC based on

BS-SEM images is described. The obtained

images offer an excellent contrast between

bone and implant, which allows the images to

be processed for measuring the BIC in an

objective, systematic, and high discriminative

way. Another advantage is that the time to

process the samples is reduced with regard to

the classical method of measuring BIC. As the

proposed method is a non-destructive one, it

allows a posterior histological observation of

the samples. The percentage of BIC achieved

with the novel method was similar to the val-

ues documented in the literature for implants

of similar roughness in animal models.
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